
80 
Oxida t ion  of Carbon i.n Porous S o l i d s  

C. Y .  Wen and S.  C .  Wang 

Dept. of Chemical Engineer ing,  West V i r g i n i a  Un ive r s i ty  
Morgantown, West V i r g i n i a  

Nonca ta ly t i c  so l id -gas  r e a c t i o n  systems are of g r e a t  i n d u s t r i a l  importance and 
are found i n  d a i l y  u s e  i n  chemical  and m e t a l l u r g i c a l  i n d u s t r i e s .  Important  examples 
are combustion of carbonaceous matters and r e g e n e r a t i o n  of carbon-deposited c a t a l y s t s  
by o x i d a t i o n  i n  a i r .  

Weisz and Goodwin (7)  observed,  i n  t h e  r e g e n e r a t i o n  of c a t a l y s t s  a t  temperatures  
below 450°C, t h a t  t h e  carbon burn-off is uniform (or  "homogeneous") throughout t h e  
c a t a l y s t .  
sive" o r  "unreacted-core-shrinking" t ype ,  as shown schemat i ca l ly  i n  F igu re  1. 

of h e a t  and mass t r a n s f e r  p r o c e s s e s  on the o v e r a l l  r a te  of a n o n c a t a l y t i c  s o l i d -  
g a s  r e a c t i o n  occur r ing  i n  a s i n g l e  s o l i d  p e l l e t  ( 4 ,  5 ,  8 ,  9 ) .  Phenomenological, 
r a t h e r  t han  mechan i s t i c ,  approach was adopted i n  ana lyz ing  t h e s e  complex p rocesses  
s o  t h a t  t h e  e f f e c t  of i n d i v i d u a l  p rocesses  on the o v e r a l l  rate could b e  i d e n t i f i e d .  
The a p p l i c a b i l i t y  and l i m i t a t i o n  of the "unreacted-core-shrinking" and "homogeneous" 
models were a l s o  p re sen ted ,  and t h e  i n t e r r e l a t i o n s h i p  between t h e  two models was  
d i scussed .  
c a t a l y s i s  w a s  extended t o  n o n c a t a l y t i c  so l id -gas  r e a c t i o n  systems. 

I A t  temperatures  above 6OO0C, however, t h e  burn-off i s  of "shel l -progres-  

T h e o r e t i c a l  i n v e s t i g a t i o n s  have been  undertaken p rev ious ly  t o  s tudy  t h e  e f f e c t  

The concept of " e f f e c t i v e n e s s  f a c t o r "  f r e q u e n t l y  used i n  t h e  s t u d i e s  of 

The purpose of t h e  p r e s e n t  expe r imen ta l  work i s  t o  v e r i f y  t h e  t h e o r e t i c a l  pre- 

of t h e  r a t e - c o n t r o l l i n g  s t e p s  ( i g n i t i o n  o r  e x t i n c t i o n ) ,  which occur  i n  a s i n g l e  
p a r t i c l e - g a s  r e a c t i o n  d e s c r i b a b l e  by t h e  unreacted-core-shrinking model. 

Consider  t h e  s imple  case of so l id -gas  r e a c t i o n  t a k i n g  p l a c e  on t h e  unreacted 
c o r e  s u r f a c e :  

The r a t e  of r e a c t i o n  f o r  gas  component A ,  
b e  r ep resen ted  as 

The above s i m p l i f i e d  ra te  e q u a t i o n  w i l l  b e  used i n  view of t h e  d i f f i c u l t y  i n  obtain-  
i n g  a c o r r e c t  mechanism. 
s a t i s f a c t o r i l y ,  t h e  s imple  r a t e  equa t ions  w i l l  p rov ide  a n  adequate  a n a l y s i s  of 
o v e r a l l  c h a r a c t e r i s t i c s  of the r e a c t i o n  system provided no e x t r a p o l a t i o n  beyond 
t h e  range i n v e s t i g a t e d  i s  al lowed.  

Based on t h e  unreacted-core-shrinking model as shown i n  F igu re  1, and a cons t an t  
p a r t i c l e  s i z e  du r ing  a n  i r r e v e r s i b l e  chemical  r e a c t i o n ,  a pseudo-steady-state 
m a t e r i a l  b a l a n c e  f o r  t h e  r e a c t a n t  component A w i t h i n  t h e  i n e r t  s o l i d  product  l a y e r  of 
t h e  p a r t i c l e  can be wr i t ten  as: 

d i c t i o n  of t h e e x i s t e n c e s  of geomet r i ca l  and thermal  i n s t a b i l i t i e s  and t h e  t r a n s i t i o n  I 

aA(gas) + S(so1 id )  ---e- Gas and/or  S o l i d  Product  (1) 
rA ,  and f o r  s o l i d  r e a c t a n t  S ,  r s ,  can 

r A = a r  S = - a k s C F C 2  

A s  l ong  as t h e  r a t e  equa t ions  f i t  t h e  experimental  d a t a  I 

I 

< 
c~.(cD, o x A )  = ( 1 / r 2 ) ( b / a r ) ( r 2  C D , ~  b x A /  b r )  = 0, r c < r < R  

I f  t h e  idea l -gas  l a w  h o l d s  f o r  t h e  gaseous phase,  i .e . ,  C = P / W T ,  then a t  a 
c o n s t a n t  t o t a l  p r e s s u r e  P C w l / T .  The e f f e c t i v e  d i f f u s i v i t y ,  DeA, may be considered 
t o  b e  p r o p o r t i o n a l  t o  T1-3-2.0 i n  t he  molecular  d i f f u s i o n  regime, and t o  T o - 5  i n  t h e  
Knudsen d i f f u s i o n  regime. 
t o  T1.O cons ide r ing  the p o s s i b i l i t y  of bo th  types  of d i f f u s i o n  through t h e  porous 
product  layer. 
temperature  independent.  It should b e  no ted ,  however, t h a t  C o r  Dd i t s e l f  a lone  
i s  a f f e c t e d  by temperature  v a r i a t i o n .  
now becomes 2 

d r  

For  convenience,  De* may b e  t aken  t o  b e  roughly p ropor t iona l  

The re fo re ,  the p roduc t  CDeA becomes p r o p o r t i o n a l  t o  To,  t h a t  is 

With t h e s e  s i m p l i f i c a t i o n s ,  t h e  l a s t  equat ion 

2 - t X  __ dxA = 0 r c < r < R  (2) 
2 r d r  

The boundary cond i t ions  f o r  Equat ion (2) are 
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= aCSo 2 d r  

r=rc d t  
(5) 

where t h e  s u b s c r i p t s  To and Tc i n d i c a t e  t h e  q u a n t i t y  t o  be eva lua ted  a t  temperatures  
of b u l k  g a s  and r e a c t i o n  i n t e r f a c e ,  r e s p e c t i v e l y .  

For a p a r t i c l e  w i t h  uniform d i s t r E b u t i o n  of s o l i d  r e a c t a n t ,  t h e  s o l i d  c o n c e n t r a t i o n ,  
CSo, can b e  considered a c o n s t a n t  a t  t h e  s u r f a c e  of r e a c t i o n ,  and t h e r e f o r e  t h e  
r e a c t i o n  rate cons idered  h e r e  i s  of t h e  n-th o r d e r  wi th  r e s p e c t  t o  t h e  c o n c e n t r a t i o n  4 

of gas  component A. 
Although equimolar c o u n t e r - d i f f u s i o n  i s  assumed i n  d e r i v i n g  Equation (2), t h e  

a p p l i c a t i o n  may be extended t o  non-equimolar c a s e s  when there is  no  s i g n i f i c a n t  
volume change of g a s  o r  when c o n c e n t r a t i o n s  of r e a c t a n t  and product  g a s e s  are very  
d i l u t e .  

The i n i t i a l  condi t ion  is 

t = O ; r  = R  ( 6 )  

The h e a t  ba lance  i n  the a s h  l a y e r  i s  g iven  by 

rc< r < R  
' b t  

The boundary c o n d i t i o n s  are  

4 4  r = R; -. ke = h (T,-T ) + h (Ts-Tw) C R 

br  I r = R  
= 4  3 dT - 2 

c, 4 i ~ r ~ a k ~ ( ~ ~ ) C ~ ~ C ~ ~ ( - A H ) + 4 r r r ~ ~  3 lT rc pccpc -2 d t  
r=rc 

r=r - 
The i n i t i a l  c o n d i t i o n  i s  

t = O ; T = T  = T .  c 1  
I n  Equat ion ( 9 ) ,  i t  i s  assumed t h a t  t h e  temperature  w i t h i n  t h e  unreacted c o r e  i s  
uniform a t  T . The tempera ture  dependency of t h e  r e a c t i o n  r a t e  cons tan t  is  
assumed t o  b: of Arrhenius '  type :  

ks(T,) = k: exp(-E/R Tc) (11) 

The e f f e c t i v e n e s s  f a c t o r  i s  def ined  a s  ( 4 , s )  

Thus, 
7 s  = 

Actua l  ( o v e r a l l )  r e a c t i o n  rate 
Reac t ion  r a t e  o b t a i n a b l e  when t h e  r e a c t i o n  s i te  i s  exposed 
t o  t h e  gas  c o n c e n t r a t i o n  and temperature  of t h e  bulk  gas  phast 

o r ,  by Equat ions (4) and (51, 

(13) , 7 s  = - 3 K  

! 
d 0  

Equat ion (13) is t r u e  f o r  a l l  c a s e s  inc luding  those  under i so thermal  s i t u a t i o n s .  
Equat ions (2) through (10) a r e  t o  be solved s imultaneously by a numerical  

method* HotJevev, e v e n  f o r  the s imples t  cases  o f  pure hea t  t r a n s f e r  
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boundary, numerical methods are generally difficult and complicated. 
some simplifying asqumption seems warranted i,f therg is no great sacrifice in 
accuracy in the final results. 
Equatioq (7). 
as well as unreasonable instantaneous temperature changes (5,8,9). These situations 
can be compensated for by introducing a simple energy accumulation term into the 
heat balance equatfon for the ash layer. 
bution in the ash layer can be approximated at all times by a steady state profile 

Therefore, 

This can be accomplished by assuming 3Tht = 0 in 
However, such a pseudo-steady-state assumption could lead to errors 

For this purpose, the temperature distri- 

(1) : 

The accumulation of energy in ash layer is 

T = Tc+(T -T ) ('-A) / (L-A) (14) 
E i C r c  r rc 

c 
The integral in thelast equation can now be evaluated using Equation (14). 
accumulation in the ash layer can also be expressed as 

The 

2 acc. = - 4nrc ke E 
r=r- 

C 

The heat flux terms in Equation (16) can be obtained from gqugtions ( 8 )  and (9). 
Upon equating Equations (15) and (16) and simplifying, we obtain 

4 4  
a k,(~,)Cz~ Cic(-4H) C: - IhC(Ts-To) + hR(Ts-T,)I =QV%pcCpc-Cpe) ,?,: dT, + 

dt 

(R/3) Cpe $ (Tc+(Ts-Tc) . 2-3%+5,3 2(1-,!3 (17) 

With some additional mathematical manipulations, we obtain a fipal set of 
equations, Equations (17) through (23), which replace Equations (2) through (10). 

e = o ;  g c = l  (18) 

Equations (17) through (23) are a set of algebraic and ordinary differential 

When complete steady-state is assumed, there is no energy accumulqtion in the 
equations, which can be solved easily by a numerical method. 

ash layer (A = 0) and in the unreacted core (G = 0). 
shown that Equations (17) through (23)  reduce to 

In phis case it can be 
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and 

where 

E x i s t e n c e  of t h r e e  r o o t s  f o r  U a t  a f i x e d  is p o s s i b l e  f o r  equat ion  ( 2 5 ) .  

r e a c t a n t  conversion,  and compare uns teady-s ta te  h e a t  t r a n s f e r  a n a l y s i s  t o  t h a t  of 
pseudo-steady-state .  The s o l i d  l i n e s  i n  t h e s e  f i g u r e s  a r e  uns teady-s ta te  s o l u t i o n s  
of Equat ions (17)-(23) ob ta ined  by numerical  method. The dashed and d o t t e d  l i n e s  
r e p r e s e n t  s t a b l e  and m e t a s t a b l e  s o l u t i o n s ,  r e s p e c t i v e l y ,  of Equat ions ( 2 4 )  and (25) 
f o r  t h e  pseudo-s teady-s ta te  c a s e  (A = 0, G = 0).  M u l t i p l e  s o l u t i o n s  f o r  7 a r e  
p o s s i b l e  f o r  Equat ions ( 2 4 )  and (25) a t  a f i x e d  X ,  as shown. 

t o  an erroneous conclus ion .  
never  been r e a l i z e d  i f  t h e  pseudo-steady-state  a n a l y s i s  had been used.  
s t a t e  a n a l y s i s  on t h e  o t h e r  hand shows t h a t  chemical  r e a c t i o n  could b e  r a t e - c o n t r o l -  
l i n g  when t h e  i n i t i a l  t empera ture  of t h e  p a r t i c l e  i s  s u f f i c i e n t l y  low (Ui = 0.90) .  
F i g u r e  3 d e p i c t s  t h e  e f f e c t  of h e a t  c a p a c i t y  of unreac ted  c o r e  and h e a t  of r e a c t i o n  
on t h e  thermal  i n s t a b i l i t y .  The occurrence  of thermal  i n s t a b i l i t y  i s  less l i k e l y  
when t h e  h e a t  c a p a c i t y  i s  h i g h .  

on t h e  unreacted-core-shrinking model. The corresponding s o l u t i o n s  obtained from 
Equat ions  (17)-(23) ( s o l i d  l i n e )  and from Equat ions ( 2 4 )  and (25) (dashed and d o t t e d  
l i n e s )  are also  shown i n  the f i g u r e  f o r  comparison. The experiment was performed 
i n  a thermobalance by burn ing  a s i n g l e  s o l i d  s p h e r e  i n  a s t ream of heated a i r .  
s o l i d  p e l l e t  was prepared by mixing a d e s i r e d  p r o p o r t i o n  of a c t i v a t e d  charcoa l  
w i t h  aluminum oxide t h a t  s e r v e s  a s  an i n e r t  porous medium. Waterglass  (sodium 
s i l i c a t e )  d i l u t e d  w i t h  a proper  amount of water  was used as a b inder  i n  forming 
t h e  p e l l e t s .  
combustion t e s t  t o  remove m o i s t u r e  and t o  i n s u r e  no weight  l o s s  owing t o  i n e r t  
s o l i d  d u r i n g  t h e  t e s t .  
The uns teady-s ta te  heat t r a n s f e r  a n a l y s i s  ( s o l i d  l i n e )  d e s c r i b e s  more c l o s e l y  t h e  
e x p e r i m e n t a l  r e s u l t  than  t h e  pseudo-steady-state  (dashed l i n e )  a t  t h e  i n i t i a l  
s t a g e  and d u r i n g  t h e  t r a n s i t i o n  from d i f f u s i o n -  t o  chemica l - reac t ion-cont ro l led  
regime. The va lues  of e f f e c t i v e  d i f f u s i v i t y  (6) and e f f e c t i v e  thermal  conduct iv i ty  
( 3 )  a r e  es t imated  based on e m p i r i c a l  c o r r e l a t i o n s .  
s u r f a c e  r a t e  c o n s t a n t  are c a l c u l a t e d  from a c o r r e l a t i o n  obta ined  by F i e l d ,  e t . a l  
(2) based on  d a t a  of v a r i o u s  i n v e s t i g a t o r s .  I n  view of t h e  w i d e  v a r i e t y  of data 
r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  t h e  o x i d a t i o n  of carbon,  t h e s e  v a l u e s  a r e  be l ieved  
t o  b e  good e s t i m a t e s  f o r  t h i s  purpose.  
is p o s s i b l e  t o  p r e d i c t  t h e  approximate r e a c t i o n  pa th  of a so l id-gas  r e a c t i o n  from 
t h e  e s t i m a t e d  v a l u e s  of p h y s i c a l  and cheniical p r o p e r t i e s .  

t h e o r e t i c a l  p r e d i c t i o n s  are v e r i f i a b l e  by t h e  exper imenta l  observa t ion .  
phenomena of geometr ica l  and thermal  i n s t a b i l i t i e s  of r e a c t i n g  s o l i d  a r e  experimen- 
t a l l y  v e r i f i e d .  The r e a c t i o n  pa th  i s  e a s i l y  fol lowed by p l o t t i n g  t h e  e f f e c t i v e n e s s  
f a c t o r  (or  r a t e  p e r  u n i t  area of r e a c t i o n  i n t e r f a c e )  v e r s u s  s o l i d  conversion.  
I g n i t i o n  and e x t i n c t i o n  a r e  a l s o  observed under c e r t a i n  c o n d i t i o n s  agree ing ,  a t  
leas: q d a l i t a t i v e l y ,  wi th  the theory .  

S C  
F igures  2 and 3 show t h e  p f o t s  of e f f e c t i v e n e s s  f a c t o r  v s .  f r a c t i o n a l  s o l i d  

F i g u r e  2 i n d i c a t e s  a c a s e  i n  which t h e  pseudo-steady-state  a n a l y s i s  could l e a d  
The chemica l - reac t ion-cont ro l l ing  r e g i o n  would have 

The unsteady- 

F i g u r e  4 i l l u s t r a t e s  a n  example of exper imenta l  r e s u l t ,  which i s  computed based 

The 

The p a r t i c l e  w a s  hea ted  a t  7OO0C i n  a n  i n e r t  atmosphere p r i o r  t o  t h e  

"Ext inc t ion"  occurred  a t  about  85 percent  of s o l i d  conversion.  

The a c t i v a t i o n  energy and 

The p o i n t  t o  be emphasized h e r e  is t h a t  i t  

In  g e n e r a l ,  i t  was found t h a t  most of t h e  c h a r a c t e r i s t i c  behavior  from 
The 

NOTATIOiIS 
--__1 

a s t o i c h i o m e t r i c  c o e f f i c i e n t  
A C D  C /aCSoke 

Ao eA(To) pc 
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3 t o t a l  c o n c e n t r a t i o n  of  gases ,  mole/L 

concent ra t ion  of s p e c i e s  A ,  CAc a t  unreacted-core s u r f a c e ,  CAo i n  bulk 
gas  phase,  CAS a t  o u t e r  s u r f a c e  of p a r t i c l e ,  mole/L3 
concent ra t ion  of s o l i d  r e a c t a n t s  Cso i n i t i a l  c o n c e n t r a t i o n ,  mole/L3 

h e a t  c a p a c i t y o f  unreac ted  c o r e ,  H/MT 
volumetr ic  h e a t  c a p a c i t y  of a s h  l a y e r ,  H/L3T 

e f f e c t i v e  d i f f u s i v i t y  of gaseous component A i n  a s h  l a y e r ,  L 2 / 8  
a c t i v a t i o n  energy of r e a c t i o n  r a t e  c o n s t a n t ,  H/mole 

p C  c pc 0 

convect ive h e a t  t r a n s f e r  c o e f f i c i e n t  , H/L2 0 T 
r a d i a t i o n a l  h e a t  t r a n s f e r  c o e f f i c i e n t ,  H/L2 0 T4 
h e a t  of r e a c t i o n  p e r  mole of gaseous r e a c t a n t ,  H/mole 
e f f e c t i v e  thermal  c o n d u c t i v i t y  of a s h  l a y e r ,  H / L e  T 
mass t r a n s f e r  c o e f f i c i e n t  of component A a c r o s s  g a s  f i l m ,  L/8  

s u r f a c e  r e a c t i o n  rate c o n s t a n t  based on s o l i d  r e a c t a n t ,  

f requency f a c t o r  f o r  r a t e  c o n s t a n t ,  ~3(m+n)-2/molem+n-b 
order  of r e a c t i o n  f o r  s o l i d  r e a c t a n t  
order  of r e a c t i o n  f o r  gaseous r e a c t a n t  
RhC/ke, modified N u s s e l t  number f o r  convec t ive  h e a t  t r a n s f e r  

RhRTi/ke, modified N u s s e l t  number f o r  r a d i a t i o n a l  h e a t  t r a n s f e r  

p a r t i c l e  Reynolds number 

R h ( T o ) / D e A ( T o )  modif ied Sherwood number 

t o t a l  p r e s s u r e ,  F / L ~  

d i s t a n c e  from c e n t e r  o f  s p h e r e ,  L 
r a d i u s  of  unreac ted  c o r e ,  L 
s u r f a c e  r e a c t i o n  rates of gasecus r e a c t a n t  A and s o l i d  r e a c t a n t  S ,  
r e s p e c t i v e l y ,  rnole/LZe 
p a r t i c l e  r a d i u s ,  L 
gas  c o n s t a n t ,  H/mole.T 
t i m e , 8  
temperature ,  T, a t  unreac ted-core  s u r f a c e ,  Ti i n i t i a l  temperature  of 
p a r t i c l e ,  T 
r e a c t o r  Val?, T 
U T o  

TJTO 

%/To 

T /aCSo(-AH), r a t i o  of en tha lpy  of unreac ted  c o r e  t o  h e a t  of r e a c t i o n  
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